Amyotrophic lateral sclerosis (ALS) is a progressive motor neuron degeneration resulting in paralysis and death, usually within 3 years of onset. Pathological and animal studies implicate neurofilament involvement in ALS, but whether this is primary or secondary is not clear. The heavy neurofilament subunit (NFH) tail is composed of a repeating amino acid motif, usually X-lysine-serine-proline-Y-lysine (XKSPYK), where X is a single amino acid and Y is one to three amino acids. There are two common polymorphic variants of 44 or 45 repeats. The tail probably regulates axonal calibre, with interfilament spacing determined by phosphorylation of the KSP motifs. A previous study suggested an association between sporadic cases of ALS and NFH tail deletions, but two subsequent studies have found none. We have analysed samples from two different populations (UK 207, Scandinavia 323) with age-matched controls for each group (UK 219, Scandinavia 228) and have found four novel NFH tail deletions, each involving a whole motif. These were found in three patients with sporadic ALS and a family with autosomal dominant ALS, although another was also found in two young controls. In all cases motif deletions were only associated with disease when paired with the long NFH allele. The deletions all occurred within a small region of the NFH tail. This has allowed us to propose a structural organization of the tail as well as allowing observed deletions both from this study and previous reports to be organized into logical groups. These results strongly suggest that NFH motif deletions can be a primary event in ALS but that they are not common.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a progressive motor neuron degeneration resulting in paralysis and death, usually from respiratory failure, in 3-5 years (1,2). In 5-10% of cases there is a family history suggesting autosomal dominant inheritance. Mutations in the gene for Cu/Zn superoxide dismutase have been found in ∼20% of familial cases (3, 4) and, more recently, in ∼2% of apparently sporadic cases (4) (5) (6) .
Pathologically, neurofilament accumulation is a hallmark of ALS and occurs early in the disease, in particular in the proximal axons and cell bodies of lower motor neurons (7) . Neurofilaments are 10 nm intermediate filaments specific to neuronal cells (8) . They have a globular head, α-helical rod region and a globular tail. There are three neurofilament subunits of light, medium and heavy molecular weight: NFL, NFM and NFH. The neurofilaments are often found in association with ubiquitin immunoreactive inclusions, suggesting a protein abnormality or a defect of the normal degradation pathway (9) (10) (11) . Evidence of a primary role for abnormal neurofilaments in motor neurodegeneration comes from animals. The Japanese quivering quail is a naturally occurring recessive variant which lacks NFL and quivers as a result of damage to the motor system, with accompanying pathological changes (12, 13) . Transgenic mice with point mutations of the NFL rod, overexpression of human NFH or overexpression of mouse NFL all develop motor neuron pathology and mice transgenic for mutant SOD1 develop neurofilament accumulations (14) (15) (16) (17) , as do humans with D48Q, A4V and I113T SOD1 mutations (18, 19) . Neurofilaments may therefore have a primary role in ALS pathogenesis or accumulate secondary to other cell death mechanisms, and neurofilament genes are therefore candidates for mutations in ALS. There are two key areas in neurofilament subunits which are of interest in this regard: the ends of the rod domain, which are highly conserved, and the tail domains of NFM and NFH, which contain a repeated motif, X-lysine-serine-proline-Y-lysine (XKSPYK), *To whom correspondence should be addressed. Tel: +44 171 346 5172; Fax: +44 171 346 5186; Email: ammar@iop.bpmf.ac.uk where X is a single amino acid and Y is one to three amino acids. In humans, there are two common variants of the NFH tail, one with 45 motif repeats and one with 44 repeats (although four repeats vary slightly from this theme) (20) . These have been mislabelled in the published literature as 44 and 43 repeat variants, respectively, and will therefore be referred to simply as long (L) and short (S) alleles.
Previous studies have addressed the issue of neurofilaments as candidate genes in ALS but without a clear resolution. In a study of the NFH tail in 356 cases of sporadic ALS with 306 controls, deletions of two types were found in five of the cases and in none of the controls, although they were also found in healthy relatives (20, 21) . Four apparently unrelated individuals had a deletion of a codon for valine (referred to in this text as allele ∆2) after KSP repeat 40 by the numbering of Lees et al. (22) , destroying a recognition sequence for cdk5, a neurofilament kinase. The other individual had deletion of a section coding for 33 amino acids, encompassing repeats 5-9 (deletion of 1582-1683, allele ∆1). In contrast, a study of 117 cases of familial ALS found no deletions (23) and a study of all neurofilament subunits in 100 familial and 75 sporadic cases found point mutations in cases and controls but no deletions (24) . It is possible that the NFH deletions which the original study found in the sporadic cases were unrelated to disease. An alternative explanation is that deletions have a low penetrance and familial studies will therefore select against them in the sampling process. They were found at a frequency of ∼2% in the original study and the study of 75 sporadic cases therefore has insufficient power to reliably detect deletions.
In view of the strong circumstantial evidence implicating neurofilaments and with the issue of NFH tail deletions unresolved, we performed a study of UK and Scandinavian cases with matched controls. We have found four novel deletions occurring in four cases of ALS, three unaffected relatives, one individual with suspected ALS and two unrelated controls. Three of the deletions occurred in the same region and the fourth was in a homologous region downstream. All followed a pattern, allowing a recoding of the NFH tail and previous mutants and the known polymorphism by the pattern. In addition, a point mutation associated with the S allele of NFH was found, acting as a marker for the origin of the deletion mutants. These results support the role of NFH tail deletions in ALS and shed light on the functional organization and evolution of the NFH tail.
RESULTS
In order to maximize the power of our study, we identified samples in the UK and Scandinavia, with age-matched controls. In all, 977 samples were analysed. From the UK there were 207 cases, consisting of 19 FALS and 188 SALS patients. Four of those with FALS had SOD1 mutations, as did four of those with apparently sporadic ALS (including one patient with the D90A mutation which is prevalent in Scandinavia). In addition, 17 relatives of patients were screened and 202 unrelated controls. The mean age of onset for sporadic cases was 55.2 years (58% male) and mean age of the unrelated controls 55.8 years (t-test, P = 0.657) (44% male). From Scandinavia, there were 323 cases (Denmark eight, Norway 33, Sweden 222 and the ethnically distinct Finland 60), consisting of 59 FALS and 264 SALS patients. Fourteen of those with FALS had mutations of SOD1 and 11 of these had the D90A mutation. In addition, 67 relatives of patients were screened and 161 unrelated Scandinavian controls. Mean age at sample donation was 61.5 for cases (60% male) and 56.8 for controls (44% male).
For patients and unrelated controls from both populations, NFH alleles were in Hardy-Weinberg equilibrium. From the UK, 78 patients were LL genotype, 90 LS, 37 SS and two L/deletion (n = 207), compared with 127 LL, 147 LS, 47 SS and two L/deletion in the Scandinavian patients (n = 323); unrelated controls from the UK, 73 LL, 95 LS, 34 SS (n = 202); unrelated controls from Scandinavia, 55 LL, 77 LS, 27 SS, one L/deletion and one S/deletion (n = 161). This gives 37% LL, 46% LS and 16% SS, which is in broad agreement with previous reports, although there is a slightly higher than expected frequency of the SS genotype. There was no association between L or S allele genotype and ALS (χ 2 test, P = 0.82 UK, 0.54 Scandinavia), family history (χ 2 test, P = 0.99 UK, 0.48 Scandinavia), mode of presentation (limb or bulbar onset) (χ 2 test, P = 0.67 UK, 0.12 Scandinavia), age of onset (linear regression, r 2 = 0.006 UK) or survival (Kaplan-Meier log rank 0.19 UK).
To prevent confusion, the numbering of the published sequence by Lees et al. (22) (S NFH allele) will be used to describe deletions. For the L allele, the 18 bp insertion has been taken as occurring after base 1964, but is unnumbered. In addition, the original paper has misnumbered the repeats, with two of them labelled as repeat 34. This too will be maintained through this paper. It should also be borne in mind that as the sequence is so repetitive, deletions can be regarded as starting from different positions but with the same resulting sequence (as an analogy, 'DILATATION' to 'DILATION' may be produced by removal of the first AT, second AT or middle TA) and base numbering in the text may therefore be different from that cited elsewhere.
In the UK cases, there were two deletions: a 24 bp deletion of 1965-1988 (∆5) and an 18 bp deletion of 1989-2006 (∆6), both on the background of the S allele (Figs 1 and 2 and Table 1 ). The clinical features of these cases were entirely typical of ALS. The first individual (D141, genotype L∆5) was a man with El Escorial probable ALS and lower limb onset at age 66 who survived 19 months. The second individual (C72, genotype L∆6) was a woman, had El Escorial definite ALS with upper limb onset at age 73 and survived 33 months. Neither patient had a family history of ALS, atypical clinical features or SOD1 mutations and in both cases there was electromyographic (EMG) evidence to support the diagnosis and no evidence of conduction block. DNA was not available from relatives of these cases.
In the Scandinavian samples there were two deletions ( (Fig. 4 ), but it is not known whether the deletion segregates with the disease. The index case (29, genotype L∆3) had entirely typical ALS, with lower limb onset at age 66, bulbar symptoms within 1 year and surviving 23 months. EMG supported the diagnosis and there was no electromyographic evidence of multifocal conduction block, but there were elevated anti-LK-1 ganglioside antibodies (1:400). Levels of anti-GM-1, GA-1, 3′LM1, GM-2, GD-1a and GD-1b antibodies were normal. Her mother (genotype unknown) developed ALS at age 71 with a similar phenotype and survived 5 years. One of her children (627), who is younger than 50, carries the ∆3 mutation but remains well. Of interest is the phenotype of her brother (622), who since the age of 71 has developed a gait disturbance with symptoms in the right leg and signs of weakness and wasting in the right foot and lower leg. This has been only very slowly progressive over a follow-up period of 7 years. EMG revealed neurogenic changes distally in both legs and in the right hand, but there were no proximal changes. He can therefore be classified as having suspected ALS by the El Escorial criteria, but he also carries the ∆3 mutation. Three other members of this pedigree with ALS have died, but no samples were available for testing.
The patient with the ∆4 mutation had El Escorial definite ALS, with onset in the upper limb at 50 years old and survival for 38 months. EMG supported the clinical diagnosis. His mother remains well aged >70, his father died of a dementing illness aged 79. His brother (838, genotype S∆4) is 48 and well. Two Scandinavian unrelated controls had the ∆6 deletion (P107 and P150), but are aged 38 and 24, respectively, making it unlikely that they would have yet developed ALS. The C2414A mutation (A805E) reported previously (21,24) was found associated with a silent point mutation C2232T distributed equally in cases and controls and found in three of six sequenced instances of the S allele, but never in 16 sequences of the L allele. These mutations were also found in the ∆5 and ∆6 deletions but not in the ∆3 or ∆4 deletions, providing an insight into the evolution of the mutations. The ∆1 and ∆2 deletions previously reported were not found in this study.
DISCUSSION

Clinical features
We have found four novel NFH deletions, occurring in four of 530 cases of ALS and two of 379 neurologically normal unrelated controls. There was nothing remarkable about the disease phenotype of the cases. The age of onset, gender distribution, sites of onset and duration of disease were all typical of ALS or varied as expected. The Scandinavian FALS pedigree (Fig. 4) with the ∆3 deletion has an individual (L∆3) with a non-progressive gait disturbance and focal amyotrophy of one limb. He has declined further contact and there is no more information regarding his disease. The other affected individual (L∆3) for whom data were available had entirely typical ALS. Within this family, an unaffected offspring also has the deletion; however, it is paired with the S allele. This is the first NFH deletion described in a pedigree with FALS, but it cannot be determined whether the mutation segregates with the disease or not. No deletions were found in the eight specimens extracted from brain tissue and the pathological changes associated with NFH deletions remain unknown.
Structural organization of the tail and mechanism of mutation
Three of the four novel deletions are in the same region as the 18 bp variation between the L and S alleles of NFH. There are thus five versions of NFH consisting of insertions or deletions within the region 1965-2030 inclusive, making this a hotspot for deletion events (Fig. 5 ). This region is particularly repetitive at both the DNA and amino acid levels and it is possible that the mutations arise through unequal crossing over events. All four deletions, the known polymorphism and the longest of the deletions reported in the original paper are of units of 18 or 24 bp, which is the length required to encode one repeat motif. Inspection of the regions deleted reveals a pattern with the format 13+5 bp and 13+11 bp and further analysis shows the whole KSP repeat region of the NFH tail to be composed of this structure. A small region incorporating two deletions and the long/short polymorphism is shown colour coded to reveal this (Fig. 6) .
It can be seen that allele ∆5 could easily be derived from the L or S allele, whereas ∆6 could only easily be derived from the S allele. Both these sequences contain the C2232T and C2414A mutations which are only otherwise found in the S NFH allele, suggesting that this was the ancestor for these deletions. These point mutations are not found in the ∆3 or ∆4 deletions.
At the amino acid level the repeat motif consists of X-Lys-SerPro-Y-Lys (where X is unspecified and Y is one to three amino acids) at all except four repeats. (At these four repeats there is a single amino acid variation, although the S/TP motif required for phosphorylation is maintained. Repeat 2 is AASPEK, the first repeat labelled as 34 is AKTPEK, repeat 38 is AKTPAK and repeat 39 is ARSPADK.) Using a motif-based analysis, the NFH tail can be described by a string of letters each representing a single repeat motif and grouped into domains separated by spaces thus: D EVC ECEAC ECEAC EVC VCET EEEE VE VE VE VE VE VE EBAB VELV, where the motif X-Lys-Ser-Pro-X-Lys (XKSPXK) is represented by E, V, L, A or T corresponding to the second X in the sequence in single letter amino acid code; XKSPXXK is designated B, XKSPXXXK is designated C and any other sequence is designated D (Fig. 7) . The sequence separating the proline residue from the final lysine in each repeat is critical for recognition by some kinases (25) (26) (27) and this analysis therefore has functional relevance. Other than the ∆2 allele, all variants of the NFH tail so far described differ by whole XKSPYK units and therefore by designated letters or domains. The third E in domain 7 represents the 18 bp insertion to form the long polymorphism. Of the two previously reported mutations, the ∆1 allele, which seems to be an otherwise random and large deletion, corresponds exactly to loss of domain 3 (ECEAC). The UK mutations ∆5 and ∆6 correspond to loss of the third and fourth E and second and third E in domain 7, respectively. The Scandinavian mutations are ∆3, loss of domain 8, and ∆4, loss of E from domain 13. The ∆2 deletion does not fit neatly into this classification but is loss of a part of the first V in domain 15 .
The tail appears to be in two distinct halves separated by the region which is the deletion hotspot. The first half contains some repeats not seen in the second half and is more complex. The second half shows a 'VE' alternating repeat. The rabbit NFH gene is also polymorphic in length, with either 55 or 49 KSP repeats, and is also in two halves, with a more complex first half, repeats from the first half not seen in the second and a simple 'VE' repeat in the second half (28) . This is in contrast to rat NFH which does not have this underlying structure and is not length polymorphic (29, 30) . This implies a functional organization to the repeats and may be related to cross-linking of NFH tails of different lengths. In rabbits, it is thought that the tail repeats have evolved by unequal crossover events (28) and the same may be true in humans. Indeed, the NFH tail may be predisposed to these events, due to the similarity of part of the DNA sequence to transposon-like Table 1 . Diagonal lines indicate those who have died. Squares, males; circles, females; black, ALS; grey, dementing illness with swallowing difficulties; half-filled, monomelic ALS. (Fig. 6) . Figure 6 . Diagram to show the region where most deletions are found, colour coded to reveal the underlying repeat structure. The diagram can be interpreted at the DNA or amino acid level. Whereas the ∆6 allele could only easily be derived from the S allele, the ∆5 allele could be produced by a single deletion event from either the L or S allele. Both these deletions contain the C2232T polymorphism which is only found in the S allele and this is therefore their ancestor. Seven of the eight variants of the NFH tail repeats consist of loss of whole motifs compared with the L allele (shaded), the exception being the ∆2 allele. Five of these deletions cluster in a mutation hotspot. The tail consists of two different sections separated by the mutation hotspot. The large previously described deletion of 102 bp (∆1) can be seen to knock out a region which is repeated. elements and its minisatellite-like structure. Such sequences are prone to deletions or insertions and there are several neurological diseases in which this is the case, in particular the trinucleotide repeat diseases (31) . More than a third of the human genome is composed of interspersed repeat sequences, most of which are copies of transposable elements (32) . Interestingly, 36 bp of a long interspersed element (LINE-2) sequence (TCCCCAGTGAAG-GAAGAAGCAAAGTCACCGGCTGAG) is found in the NFH tail from base 1816 and is partially repeated throughout, 443 bp of the rod have a 65% identity with the telomere-associated repeat, TAR1, and 66 bp of human endogenous retrovirus repeat are in the linker region joining rod and tail. The NFH tail may therefore have evolved from amplification of transposable elements and its underlying structure may make it prone to loss or addition of repeat units.
Predisposition to ALS and relevance to previous studies
The failure of two previous studies to replicate the findings of the first may be due in part to selection bias and small sample size. If NFH tail deletions are causative in ALS, they may have a low penetrance, as shown by unaffected relatives of cases with deletions. Looking at familial ALS will therefore select against NFH deletions because, generally, familial ALS is taken to mean autosomal dominant ALS, records and diagnostic labels may be obscure and many people are unable to give a clear account of their family history beyond their immediate relatives. FALS samples will therefore be unlikely to contain low penetrance mutations, except in inbred populations or those with a founder effect where homozygosity may be an issue. It is striking that affected individuals always carry an L allele, while all S allele carriers are unaffected (Table 1) , although there is an age difference between the two groups which might account for this. The alternative is that the normal allele may modify the penetrance of the deletion mutant so that relatives may be unaffected despite carrying mutations if they also carry the S allele.
Pathological mechanisms
The functions of the NFH tail include interaction with cytoskeletal transporters, MAP2 and microtubules, regulation of interfilament spacing and regulation of axonal calibre. All deletions have resulted in loss of a whole XKSPYK motif or multiples of this except for ∆2, which destroys a consensus cdk5 site. XKSPXK is the site of binding to microtubules when not phosphorylated (33) and when phosphorylated the tail forms cross-bridges with microtubules through MAP2A (34). At the electron microscope level, NFH tail domains appear to cross-link neurofilaments (35) and thus mediate interaction with adjacent neurofilaments. It is likely therefore that disruption of tail interaction with other cytoskeletal elements occurs, although given the late onset of ALS, this is probably a mild effect. For all those individuals for whom data is available from this and previous studies, the deleted allele is paired with the L allele in those affected, whereas for the majority of controls, this is not the case. This may be because of a simple steric effect of different length alleles or because there is stronger or weaker cross-linking between neurofilaments. Accumulations of neurofilaments in cell bodies and proximal axons are highly phosphorylated in antibody studies (36) and appear as filamentous whorls, implying that assembly is not disrupted. Phosphorylation and tail extension are intimately related to transport of the filaments down the axon, both increasing as the filament leaves the cell body (37, 38) . Neurofilaments form part of slow axonal transport (SCa) with tubulins and an unknown motor (39, 40) . At the nerve terminal they are degraded by calcium-dependent kinases. Slowing of axonal transport due to stronger cross-links or faster axonal transport due to disrupted phosphorylation without an increase in degradation at the synapse could both lead to accumulation of neurofilament. It is also plausible that with the filament assembled and phosphorylated, it is less susceptible to normal lysosomal degradation and the ubiquitin pathway is invoked.
Summary
Motif deletions in the NFH KSP repeat domain are found in patients with typical ALS and penetrance may be determined by the normal allele. We report four novel NFH deletions, including the first instance of an NFH deletion in a familial ALS pedigree. The pattern of the deletions sheds light on the structural organization of the NFH KSP repeat domain and reveals a mutation hotspot. The findings support a primary role for NFH deletions in ALS but confirm that they are not common.
MATERIALS AND METHODS
Clinical and patient resources
There was ethical approval at each centre. Patients with sporadic and familial ALS attending the Umeå University ALS Clinic and the King's MND Clinic were included after fully informed written consent. The diagnosis of ALS was made by a consultant neurologist after full investigation, according to the ICD-10 classification of disease, and patients were categorized according to the El Escorial criteria for ALS (41) . Controls were unrelated, neurologically normal and matched as far as possible by age, gender and ethnicity. For those with familial ALS, attempts were made to include unaffected relatives. Whole blood was taken and DNA extracted from blood or brain by standard methods. For samples from the King's College brain bank, DNA was extracted from brain which had been frozen at -80_C.
SOD1 genotyping
Samples were genotyped for SOD1 mutations as described previously (4, 5) .
NFH PCR amplification
Oligonucleotide primers for PCR amplification were based on those of Figlewicz et al. (21) and designed to amplify the same region of the NFH tail containing the KSP repeats, from 1336 to 2509. For sequencing, the same oligonucleotide primers were used. Internal primers were designed, but because of the GC-rich highly repetitive nature of the sequence internally, only one could be used for sequencing, from 2291 on the non-coding strand. Oligonucleotides used were: forward, 5′-GTGGTGGAGAAGTCTGAGAA-3′; reverse, 5′-CTTTGACTTTCACCTCCTGGG-3′; internal, 5′-GG-AGACTTCACATCAAGAG-3′. Reactions contained 1 ng/µl DNA, 0.7 µM each oligonucleotide, 40 mM dNTPs and reaction buffer of 50 mM KCl, 10 mM Tris-HCl, pH 8.3 at 25_C, 1.5 M MgCl 2 , 0.001% (w/v) gelatin and 5 U/µl Taq polymerase. Samples were denatured at 95_C for 5 min, followed by 40 cycles of denaturing at 95_C for 30 s, annealing at 62_C for 30 s and extension at 72_C for 90 s. There was a final extension of 10 min.
Genotyping
All samples were digested as described by Figlewicz et al. (21) . Single strand conformation polymorphism analysis (SSCP) of products was used for genotyping and mutation detection of all except the Scandinavian cases and relatives. A 50:50 mix of sample and 95% deionized formamide, 10 mM NaOH loading buffer was denatured at 95_C for 3 min and snap cooled on ice. Electrophoresis was in 0.5× MDE gel, 0.6× TBE buffer at 8 W and 25_C for 6 h. Products were visualized after SSCP by silver staining. Of the 955 samples screened, four (all controls from Scandinavia) persistently had non-specific banding, making the gel difficult to interpret. Direct sequencing and attempts at subcloning of these samples were unsuccessful. Southern hybridization by standard methods was used to determine the specific banding of these samples. Probe was prepared by PCR amplification of a previously sequenced sample from a control individual, known to be homozygous for the S NFH allele, and labelled by the random priming method. Filters were hybridized at high stringency. Two of these samples had band shifts consistent with deletions. Because of the difficulty in sequencing or subcloning these samples, they were electrophoresed in 10% acrylamide, visualized by ethidium bromide staining and directly sequenced from the gel. The Scandinavian cases and relatives were screened by PCR-digestion as above, followed by restriction fragment length polymorphism analysis (RFLP) by electrophoresis in 2% Metaphor agarose (FMC), 1× TBE buffer for 7 h at 130 V. Visualization was by ethidium bromide staining.
Sequencing
For samples with band shifts on SSCP or RFLP, genomic DNA PCR-amplified products were sequenced using fluorescent labelled primers and analysed by ABI377 sequencer (PE Biosystems, Warrington, UK) and associated Genescan software. In addition, samples (except for the two difficult controls described above) were subcloned into JM109 Escherichia coli cells with the pGEM-T vector (Promega, Southampton, UK) according to the manufacturer's instructions. Subclones were then sequenced in the same way as genomic samples. Genomic electrophoretograms were analysed by subtracting the known sequence from the two superimposed sequences, leaving the mutant sequence. This was then confirmed on the subcloned sequence.
Searching for repetitive DNA
The deletions found could be interpreted as removal of sequence from several alternative positions as explained above. The oligonucleotide and oligopeptide words each deletion represented were used to encode the whole NFH KSP repeat domain, revealing the underlying repeat structure. In addition, known human repeat elements were searched for using the CENSOR (42) and RepeatMasker programs (A.F.A. Smit and P. Green, unpublished data).
